Anaerobic digestion (AD) is a bioprocess that is commonly used to convert complex organic wastes into a useful biogas with methane as the energy carrier [1] [2] [3] . Increasingly, AD is being used in industrial, agricultural, and municipal waste(water) treatment applications 4, 5 . The use of AD technology allows plant operators to reduce waste disposal costs and offset energy utility expenses. In addition to treating organic wastes, energy crops are being converted into the energy carrier methane 6, 7 . As the application of AD technology broadens for the treatment of new substrates and co-substrate mixtures 8 , so does the demand for a reliable testing methodology at the pilot-and laboratory-scale.
Introduction:
Anaerobic digestion (AD) is a mature technology involving the biologically mediated conversion of complex organic waste substrates into useful biogas with methane as the energy carrier. There are many benefits of anaerobic treatment, including minimal energy and nutrient inputs and reduced biosolids production compared to aerobic treatment 10 . In addition, the versatility of the mixed microbial community inherent to these systems renders a wide variety of organic substrates suitable as feedstocks 11, 12 . Indeed, it is due to these benefits that a growing number of applications for AD are being adopted outside of conventional municipal wastewater treatment, particularly in the industrial, municipal (e.g., food waste), and agricultural sectors 4, 7, 13 . AD experienced its first major proliferation beginning in the 1980s in response to the national energy crisis of the previous decade. As the world faces a growing global energy crisis, coupled with environmental degradation, greater focus is now being placed on biofuel technologies and the waste-to-energy concept in particular. For example, in the U.S., anaerobic digestion can generate 5.5% of the total electrical power needs 8 .
This has increased the demand for well-controlled experimental research at the pilot-and laboratory-scale to assess the suitability of new organic waste materials and waste mixtures for anaerobic digestion 14 . We intend to provide a generic model for the construction, inoculation, operation, and monitoring of a laboratory-scale anaerobic digester that will be suitable for robust assessments. Anaerobic digesters exist in many different configurations. A few common configurations include the: continuously-stirred tank reactor (CSTR) with continuous influent feeding; continuously stirred anaerobic digester (CSAD) with periodic influent feeding; plug flow (PF), upflow anaerobic sludge blanket (UASB); anaerobic migrating blanket reactor (AMBR); anaerobic baffled reactor (ABR), and anaerobic sequencing batch reactor (ASBR) configurations 9, 15 . The CSTR and CSAD configuration have been widely adopted for laboratory-scale experiments due to its ease of setup and favorable operating conditions. The configuration is also conducive to controlled experiments because of a greater spatial uniformity of parameters, such as chemical species concentrations, temperature, and diffusion rates. It should be noted, however, that the optimal full-scale configuration for an anaerobic digester depends on the particular physical and chemical qualities of the organic substrate among other nontechnical aspects, such as target effluent quality. For example, dilute waste streams with relatively high soluble organic content and little particulates, such as brewery wastewater, typically experience greater energy conversion in an high-rate upflow bioreactor configuration (e.g., UASB) rather than a CSAD configuration. Regardless, there are fundamental operating parameters that are essential to successful digestion and relevant to all configurations, which justify a generic explication of using just one configuration.
Indeed, every AD system containing a diverse, open community of anaerobic microbes will serially metabolize the substrate to methane (the final end-product with the lowest available free energy per electron). The metabolic pathways involved in this process constitute an intricate food web loosely categorized into four trophic stages: hydrolysis; acidogenesis; acetogenesis; and methanogenesis. In hydrolysis, complex organic polymers (e.g., carbohydrates, lipids, and proteins) are broken down to their respective monomers (e.g., sugars, long-chain fatty acids, and amino acids) by hydrolyzing, fermentative bacteria. In acidogenesis, these monomers are fermented by acidogenic bacteria to volatile fatty acids (VFAs) and alcohols, which in acetogenesis, are further oxidized to acetate and hydrogen by homoacetogenic and obligatory hydrogen-producing bacteria, respectfully 5 . In the final step of methanogenesis, acetate and hydrogen are metabolized to methane by acetoclastic and hydrogenotrophic methanogens. It is important to recognize that the overall AD process, by relying on an interconnected series of metabolisms by different groups of microbes, will depend on the successful function of each member before the system as a whole will perform optimally. The design and construction of an AD bioreactor system should always take into consideration the requirement to completely seal the bioreactor. Small leaks in the top of the bioreactor (separating the headspace) or in the gas-handling system may be difficult to detect, and therefore the system should be pressure tested before use. After ensuring a leak-free setup, failures with anaerobic digester studies often stem from errors during inoculation, culturing, and day-to-day operation. As a result, digesters have a reputation as being intrinsically unstable and prone to unexpected failure. Why is it then that full-scale digesters have been operated under stable conditions for decades 13 ? Failure is likely to stem from improper handling by the operator, especially during the startup period during which the microbial community must slowly acclimate to the organic waste composition and strength. Therefore, our goal is not only to provide a methodology for constructing an AD system, but to also elucidate the processes of inoculation, operation, and monitoring of these systems.
The first section of the article will explain how to construct the CSTR or CSAD system, while the second section will provide a procedure for digester inoculation with active methanogenic biomass. It is more practical and less time-consuming to inoculate digesters with active methanogenic biomass from the mixed-liquor or effluent of an operating digester that is treating a similar substrate than to attempt to develop a sufficient biomass from an incipient culture. The third section of the article will cover operating considerations, such as feeding substrate, decanting effluent, and troubleshooting various reactor problems. Feeding substrate and decanting effluent for this system will be conducted on a semi-continuous basis (i.e., periodic feeding and decanting while most of the biomass and mixed liquor stays in the bioreactor). The frequency in which the digester is fed/decanted is the prerogative of the operator. In general, feeding/decanting more frequently and at regular intervals will promote greater digester stability and consistency in performance between feeding cycles. The fourth section will introduce a basic monitoring protocol to be used during the experimental period. Several standard analyses, which are outlined in Standard Methods for the Examination of Water and Wastewater 16 [ Table 1 , 2], will be required for characterization of the substrate and proper system monitoring. In addition to the measured variables, an important aspect of monitoring is to check that the digester system components are functioning properly. Regular maintenance to the digester system will preempt major system problems that could otherwise jeopardize the long-term performance and stability of the digester. For example, a failure of the heating element, leading to a drop in temperature, could cause the accumulation of volatile fatty acids by reducing the metabolic rate of methanogens. This problem would be compounded if the system lacked sufficient alkalinity to maintain the pH above inhibitory levels for methanogens. It is also important to detect and close possible leaks after unexpected drops in biogas production rates. Therefore, duplication within the experimental design by, for example, running two bioreactors side-by-side under the exact operating conditions, is important to detect unexpected performance losses caused by system malfunctions, such as small leaks.
Video Link
The video component of this article can be found at http://www.jove.com/video/3978/ Protocol 1. Digester Construction 1. Select a digester vessel that contains all the features shown in Fig. 1 (a cone is not necessary), and your desired working volume (typically between 1-10L). If your digester vessel is not equipped with a heated-water jacket, place the digester in some other temperature-controlled environment, such as a heated water bath or incubation chamber. 2. Secure the vessel in a vertical position in an area with sufficient horizontal bench space for placement of remaining components [ Table 2 ]. 3. Construct the vessel lid according to Fig. 2 . The ports of the influent and effluent tubes should be wide enough to prevent clogging. The tubes inside the bioreactor should be of sufficient length to stay submerged in the digester medium during decanting, while extending out from the top of the lid to allow attachment of tubing. The impeller sheathing should extend as far as possible into the digester medium (the submerged tubing and sheathing prevent headspace biogas from escaping the bioreactor). 4. Apply silicone-based vacuum grease to the contact surface of the lid and clamp it to the digester vessel top. 5. Secure the variable speed mixer parallel to the digester's vertical axis using a ring-stand and clamps, then affix impeller shaft. Because of mixer motor vibrations and movement it is important to use an independent and free moving stand. 6. Connect a section of flexible tubing to both the influent and effluent tubes and then connect another section of tubing to the gas port to be used as the gas line. 7. Connect the biogas line to each of the various components, which can be placed above the digester on shelving. The components should be connected in this order: sampling port, foam trap, H2S scrubber, gas reservoir, bubbler, gas meter, and ventilation line [ Fig. 3 ]. To facilitate isolation or removal of individual components for troubleshooting or cleaning purposes, consider adding valves and connecter fittings between components. Make sure that the gas outlet is properly ventilated to the outside or a chemical hood because biogas is explosive.
8. If the system will be temperature controlled by a circulating water heater, connect the heater to the heating jacket using flexible tubing. Place the unit above the liquid level of the heating jacket. Set the heater to the appropriate temperature for mesophilic or thermophilic digestion [ Table 1 ]. 9. Perform a leak test of the system by detecting leaks with soapy water. Start by filling the digester tank with water, then slightly pressurize the influent line with a gas to a pressure less than 5 psi. First, clamp the biogas line and effluent lines to check for leaks around the reactor lid, and then remove the biogas line clamp to test for leaks for the entire gas handling system. Note that over-pressurization of the influent line will force water out through the impeller sheathing tube. 10. Turn on the impeller and heating element and let run overnight to ensure that the mixer and heater can sustain continuous operation. The rotational speed of the impeller should be fast enough to ensure complete mixing of the reactor media. Common mixer problems include misalignment, excessive friction of the shaft, and inadequate securing of the motor to the ring-stand.
Digester Inoculation and Conditioning using an Active Methanogenic Biomass
1. Store the active methanogenic biomass (inoculum) in a closed container in a refrigerator at 4°C while preparing the digesters. Ideally, the inoculum should be stored for as little time as possible and there should be enough to completely fill the entire volume of the digester. However, certain anaerobic biomass (such as granular biomass) can be stored for very long periods. Dilute the inoculum with water that was flushed with an anaerobic gas to the appropriate volume if necessary. 2. Flush the empty digester system with anaerobic gas for several minutes by connecting it to the feeding tube, clamping the effluent line, and taping the space between the mixer axle and sheath to prevent excessive loss of anaerobic gas. 3. During the flushing period, make sure to flush-out the gas reservoir. 4. After flushing is complete, connect a funnel to the feeding tube and add the inoculum making sure to mix the inoculum periodically to ensure uniformity. 5. Reconnect the anaerobic gas to the feeding tube, turn-on the mixer, and flush the digester liquor for at least 15 min. Then disconnect the gas, clamp the feed tube and unclamp the gas reservoir. This digester is now in operation. 6. Allow the digester to operate for a couple of days before commencing feeding and monitor the production of biogas. During this time, perform total solids and volatile solids concentration analysis for the inoculum [ Table 1 ]. If the solids concentration is considerably greater than that of the target mixed liquor concentration, remove and dilute digester contents accordingly before commencing feeding. This is done to prevent excessive washout of biomass during the operating period that may increase the Food to Microorganism (F/M) ratio too sharply throughout the startup period. 7. Determine the organic biodegradable fraction of the substrate by measuring either the total and volatile solids concentration, biological or chemical oxygen demand, or total organic carbon of the substrate. Use this value to calculate a conservative initial organic loading rate (OLR). 8. The operator should gradually increase the OLR until a target value is reached (start-up period). One approach during the start-up period is to fix the organic strength of the feed, and then reduce the hydraulic retention time (HRT) incrementally until the target OLR is achieved (a process that may take several months to a year depending on the quality of the inoculum and the substrate used). Increasing the OLR too quickly will lead to excessive concentrations of volatile fatty acids (>2,000 mg/L as acetate) as shown in Fig. 5 . The operator should reduce the OLR if volatile fatty acid concentrations increase to suboptimum levels [ Table 1 ]. If the volatile fatty acid concentrations are too high, the contents of the bioreactor may need to be diluted with water. 9. Allow the digester a period of three HRTs at the target OLR before experimentation to establish a stable base-line condition.
Digester Operation
1. Effluent decanting always precedes substrate addition to the digester, so immediately before decanting, prepare the feed mixture and store at 4°C until it is time to feed. 2. Decant effluent from the digester by connecting the effluent tubing to a pump (side-arm flask under vacuum is one possibility of decanting) and remove an equal volume compared to the feed volume. Store the effluent at 4°C for later analysis. Note that many of the analyses are time sensitive. For example, the pH should be measured immediately because CO2 escapes from the solution, increasing the pH. 3. Remove the feed mixture from the refrigerator. Connect a funnel to the feed tube and pour in the feed (substrate) making sure to mix periodically to ensure that the solids get carried in with the bulk fluid. 4. Perform troubleshooting steps outlined in Table 3 , if necessary.
System Monitoring
1. Check the digester system and its components frequently during operation. Particular attention should be paid to the mixing and heating systems. Insufficient mixing will manifest in an abrupt decrease in effluent solids concentration [ Fig. 6 ]. Periodically check that the oil or water in the gas meters is at the appropriate level and replace the steel wool in the H2S trap as needed. Note that the steel wool will become black and glossy as it reacts with H2S to form iron sulfide. 2. Perform these analyses on digester effluent for diagnosis of system performance and stability. The values should consistently fall within the specified optimum range indicated in Table 1 .
Representative Results
Successful inoculation of the digester is marked by the production of biogas within several days. The methane to carbon dioxide ratio of the biogas will increase during the acclimatization period as more methanogenic biomass is recruited. The slow growth of methanogens compared to acidogens makes long acclimatization periods and gradual operational changes necessary. In Fig. 5 , we demonstrate the dynamic response of a digester when a high organic loading rate (OLR) is introduced too early in the start-up phase. In this example, there was insufficient methanogenic biomass to remove (i.e., utilize) the volatile fatty acids (VFAs) evolved from the substrate degradation step, acidogenesis. This led to an accumulation of VFAs, and subsequently, a reduction in the pH. To rectify this situation, the OLR was reduced to limit the production of VFAs by acidogens and to allow greater methanogen recruitment before returning to the higher OLR. The digesters then exhibited stable digestion for three hydraulic retention periods.
Stable digestion or pseudo-steady-state conditions can be assumed when the measured parameters, such as the biogas production rates, total VFA concentrations, volatile solids concentrations, and pH levels, are consistently maintained within 10% of their average values, for a minimum time period of one HRT. The significance of this allotment is revealed in Fig. 6 , which shows the prolonged response of the CSTR system to a perturbation caused by insufficient mixing. The lack of proper mixing allowed the solids to settle in the reactor, which meant fewer solids were removed during effluent decanting. Their accumulation resulted in higher effluent solids concentrations after sufficient mixing was restored. It took approximately one HRT (i.e., 25 days) to return the digester to a normal effluent solids concentration.
An anaerobic digester is a biological system; thus it will exhibit some internal variability in performance. This variability must be quantified before the experimenter can discern the specific effects caused by experimental perturbations imposed on the system (the proper use of statistics is required). Three HRT periods are required before an experimental change is made to the reactor system because this is generally considered an adequate period of time to assume stable concentrations of chemical species in the mixed liquor [ Fig. 7] . By the end of this interval, the experimenter should be able to construct a reliable baseline for each measured parameter. This baseline serves as a basis of comparison for future experimentation.
The general performance of the digester can be assessed by following the monitoring protocol, which requires that various standard analyses be executed routinely. This schedule provides adequate temporal resolution to identify precursors to most system problems and the lee time to prevent them. Furthermore, the results of these diagnostic tests are meant to be used in conjunction with Table 1 to identify suboptimum performance. Table 3 provides solutions to many of the problems typically encountered when setting-up a digester. In the event that a problem cannot be rectified by following the instructions outlined therein, the operator should consult other resources, such as a reference text pertaining to anaerobic biotechnology. Hydrogen Sulfide Scrubber (Gas Contact Time) Glass or plastic tubes should be used (not metal). Sizing length should provide adequate gas contact time.
Gas Reservoir Volume: > 2x Effluent Volume; Material: Semi-Elastic (not Rigid)
The volume should exceed that taken during effluent decanting. The material should allow for shrinking and expansion Bubbler NA The head pressure provided by the water level should be minimized to limit pressure build-up in the gas delivery system Gas Meter (Gas Flow Detection Range) Plastic gas meters are preferred over metal. The gas flow detection range should be accurate at expected biogas production rates.
ERROR SYMPTOM POSSIBLE SOLUTIONS
Frequent clogging of feeding or effluent tubes • Use larger diameter tubing and/or fittings. Journal of Visualized Experiments www.jove.com
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• Reduce particle substrate size (e.g., using a blender or sieve).
• Mix feed more frequently while feeding.
• Ensure that digester contents are fully mixed.
Excessive foaming • Reduce the OLR
• Reduce the mixing intensity in the digester.
• Increase the headspace in the digester by reducing the active digester volume.
Inconsistent biogas yield between digester replicates • Verify that no leaks are present in the gas handling system of either digester.
• Check that the gas meter and heating element are functioning properly and are calibrated.
• Verify that the feed mixtures are prepared equivalently.
Inconsistent or highly variable solids concentration in the effluent between digester replicates [ Fig. 6] • Verify that the digester contents are adequately mixed.
• Ensure that the reactor effluent decanting line is equivalent between reactors.
Reduced methane content in biogas • Verify that the pH is within the optimal range for methanogenesis (i.e., 6.5 to 8.2). If not, supplement with acidity or alkalinity as appropriate.
• If significant nitrogen is detected in the biogas (i.e., >10%), check for leaks near the sampling port.
• Regularize the periodicity of biogas sampling.
• Verify that the VFA concentration is within the optimal range. If not, follow troubleshooting steps listed for chronically high volatile fatty acid concentrations.
Chronically high volatile fatty acid concentration [Fig. 5] • Reduce the OLR.
• Overcome nutrient or trace metal deficiencies by supplementation.
• Verify that the reactor contents are sealed from oxygen intrusion.
• Increase feed cycle frequency.
• Eliminate hydraulic short circuiting.
• Overcome alkalinity deficiency by supplementation. . Typical system response to insufficient mixing (Reactor A) compared to a sufficiently mixed system (Reactor B). During poor mixing, the solids settle to the bottom of the reactor and are not removed during decanting (days 280 -290). When mixing is returned to sufficient intensity (day 300), the accumulated solids are gradually removed (days 305 -330), and the system returns to stable solids concentrations.
Discussion
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